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Geology

High Grade Metamorphism, Melting, and Migmatization in the Bitterroot Range, MontanaIdaho.
Director: Dr. Donald W. Hyndman
Multiply-deformed quartzofeldspathic, pelitic, and calc-silicate rocks correlative with the
Lower Belt Supergroup and metamorphosed to the upper amphibolite facies during Late
Cretaceous time are exposed within the northeastern border zone of the Idaho-Bitterroot
batholith. Within this border zone, high-grade semi-pelitic gneisses and schists reached the
sillimanite-muscovite zone of the amphibolite facies, with local areas containing sillimaniteorthoclase assemblages. These rocks are well exposed along the crest of the Bitterroot
Range between Carlton Lake and Kootenai lakes. The purpose of this research was to test
the hypothesis that water released by the breakdown of muscovite above the second
sillimanite isograd initiated melting and the development of anatectic migmatites in
quartzofeldspathic gneiss and pelitic schist during the generation of the Idaho-Bitterroot
batholith.
An anatectic origin for these migmatites is supported by: 1) vein compositions near the
granite ternary minimum; 2) microscopic and macroscopic textures indicating the presence
of a melt; 3) mafic selvages enclosing the veins; 4) the presence of an orthoclase “'depletion
zone" surrounding the mafic selvages; and 5) temperature and pressure estimates of
»700°C and =6.5 kbar, which are along or above the muscovite breakdown curve.
This paper presents field, pétrographie, and thermobarometric evidence that dehydration
of muscovite above the second sillimanite isograd, within the pelitic schist, released water
that rose into the overlying quartzofeldspathic gneiss, thereby depressing its solidus and
generating anatectic migmatites. That the water necessary for melting was released by the
schist and not the gneiss itself is shown by the paucity of micas and lack of sillimanite
within the gneiss. Anatectic migmatites were not produced within the schist itself because
1) its bulk composition is less "granitic” than that of the quartzofeldspathic gneiss, and 2 ) it
contains abundant refractory elements (aluminum, iron, magnesium) bound up in micas.
The amounts of melt observed are consistent with experimental calculations of melts
produced by muscovite dehydration at temperatures near the second sillimanite isograd.
Fluids probably migrated from the schist to the quartzofeldspathic gneiss along grain
boundaries or through minute fractures in grains, but not through widely spaced conduits.
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INTRO DUCTIO N
Anatexis is a dynamic process that occurs during the melting and deformation of the
continental crust. The generation and segregation of granitic magma by anatexis involves
petrologic processes that are fundamental to the formation and differentiation of the
continental crust. It is therefore imperative that we understand the metamorphic and
magmatic processes leading to the formation of granitic magmas. According to Brown and
others (1995a) the amount of partial melt generated by an episode of anatexis is dependent
upon three main factors: 1) The crust’s fertility, which is primarily controlled by its
chemistry; 2) the amount of water available, either through hydrate breakdown or by an
external volatile phase and 3) the intensity of the heat source driving the metamorphism that
produces the melts.
Various experimental studies (Thompson, 1982; Vielzuef and Holloway, 1988;
LeBreton and Thompson, 1988; Patino-Douce and Johnston, 1991; Gardien and others,
1995; Patino-Douce, 1996) have determined the temperatures and pressures at which
various compositions of crustal rocks begin to melt, and the amount of melt they are
capable of producing (their fertility) when subjected to temperatures above their initial
melting point. In all cases the amount of water, be it an external volatile phase or generated
by hydrate breakdown, is crucial to melt production because of its ability to drastically
lower the solidii of common crustal rocks.
However, the presence of an external volatile phase within the middle to lower crust
is unlikely, owing to the crust’s extremely low porosity at depth (Etheridge and others,
1983; Connolly and Thompson, 1989; Spear and others, 1998). Additionally, anatectic
migmatites are not generally observed in rocks that have not undergone dehydration
reactions (Stevens and Clemens, 1993). Therefore, it is likely that the stability of hydrous
phases (micas and amphiboles) in metamorphic rocks strongly controls the degree of
melting within the crust (Hyndman, 1981 ; Whitney, 1988; Brown and others. 1995a).
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Moreover, heat must be applied to the system for melting to occur, either by thickening of
the crust during orogenesis (Patino-Douce and others, 1990; Thompson and Connolly,
1995), or by intrusion of mantle magmas into the crust (Huppert and Sparks, 1988:
Hyndman and Foster, 1988; Bergantz, 1989).
Along the crest of the Bitterroot Range along the Idaho-Montana border, rocks of
the Prichard Formation and Ravalli Group of the Belt Supergroup were converted to pelitic
schist and quartzofeldspathic gneiss, respectively, during sillimanite-grade metamorphism
and migmatization just prior to the emplacement of the Idaho-Bitterroot batholith (hereafter
called the Bitterroot batholith) (Hyndman and others, 1988). Determination of the
processes that operated during metamorphism and the mechanism by which the migmatites
formed are the focal points of this paper.
Hyndman ( 1981) noted that the Bitterroot batholith was most likely emplaced at
deep levels («15km). It contains magmatic muscovite, which can coexist with quartz and
alkali feldspar only at pressures above about 5 kbar. Its contact with its host rocks is
broad, and concordant on a regional scale. The Bitterroot batholith did not produce a
contact aureole upon intrusion, indicating thermal harmony with its host rocks during
emplacement. Granitic intrusions emplaced at deep levels in the crust probably contained
large amounts of dissolved H2O, which limited their rise (Burnham, 1979; Hyndman,
1981; Clemens, 1984). Figure 1 shows the probable location, in pressure-temperature
space, for the emplacement of the Bitterroot batholith. Note that the saturated common
granite solidus intersects the muscovite breakdown curve at about 5 kbar and 665 °C.
Therefore, melt generated from muscovite breakdown under similar temperatures and
pressures would not rise far before crossing its solidus and crystallizing. This led
Hyndman ( 1981 ) to propose that breakdown of muscovite during regional metamorphism
provided water necessary to initiate melting of crustal rocks during the generation of the
Bitterroot batholith. This paper validates the above hypothesis, and provides a model that

24 1 -8 0
ppro«
fong*
o1 m u i c o v i i e
O t h y d f olior

/ w oter-joiufoied
/
s o lid u i

/op pro K , r o n g e
o<

alkali
j

. dehy dro ti on*

(eldipor

1 granite

V
1 commori

r

)o\
—

It ^

-

^

compos iti on)

/

\ /
\

,

diO fil»

high P / T m eto m or p hi c —
gr odi en t tor m ogm o
g e n t r o t i o r — th rough
b o i h o g r o d eorte 5 ol
C or m ic h o e ) (197 8)

Inferred depth o f batholith
generation

igE JO

500

-cO''

0'*' ^

i.-ofonite

Inferred depth o f batholith
emplacement

6 00

700

800

900
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granite, common granite, and quartz diorite, and their intersection with the muscovite
breakdown curve. Also shown is Hyndman’s (1981) inferred depth of generation and
emplacement of the Bitterroot batholith. Modified from Hyndman (1981 ).
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explains the process of migmatization as well as the location and type of migmatite formed
during the generation of the Bitterroot batholith.
1 show, through field relations, petrography, and thermobarometry, that the
breakdown of muscovite above the ‘‘second sillimanite isograd”,within the pelitic schist,
released water that rose into the overlying quartzofeldspathic gneiss. Local zones of water
saturation or near-saturation depressed the solidus of the gneiss, initiating melting and
generating anatectic migmatites. An anatectic origin for these migmatites is supported by;
1) vein compositions near the granite “ternary minimum;” 2) microscopic and macroscopic
textures indicating the presence of a melt; 3) mafic selvages enclosing the veins; 4) the
presence of an orthoclase “depletion zone” surrounding the mafic selvages; and 5)
temperature and pressure conditions near the muscovite breakdown curve.
L ocal G eology
Lithologies in the field area are well exposed along the crest of the Bitterroot Range
from Carleton Ridge south to Kootenai Lakes (Figure 2). Two units dominate: a pelitic
schist and a quartzofeldspathic gneiss. Minor units include calc-silicate gneiss,
amphibolite, and numerous pods, lenses, and dikes of granite. In the southernmost part of
the field area the Bitterroot batholith intrudes all of the aforementioned units. These rocks
were subjected to sillimanite-grade metamorphism and multiple deformation during Late
Cretaceous time (Chase, 1968; Hyndman and others, 1988). The entire field area is located
within the northern portion of the Bitterroot Dome, part of the Bitterroot metamorphic core
complex (Hyndman, 1980).
The pelitic schist or “red-weathering schist” is a muscovite-biotite schist containing
variable amounts of sillimanite. Previous workers (Chase, 1968; Nold, 1968;
Wehrenberg, 1972) correlate the pelitic schist with the Prichard Formation of the Lower
Belt Supergroup. Structurally above and adjacent to the pelitic schist lies the
quartzofeldspathic or grey-weathering gneiss, a biotite-quartz-feldspar rock with minor
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Figure 2: Geologic map of northern Bitterroot Range. Modified from Lewis, 1998, in
review.

amounts of sillimanite and muscovite. It correlates to the Ravalli Group of the Belt
Supergroup (Chase, 1968; Nold, 1968; Wehrenberg, 1972). The contact between the
pelitic schist and quartzofeldspathic gneiss varies. In places it is pencil sharp; elsewhere it
is a gradational contact that locally displays boudins or blocks of gneiss within the schist.
Blocks of schist are nowhere observed in the gneiss.
Almost all of the field area lies within the sillimanite-muscovite zone of the
amphibolite facies, with local occurrences of the sillimanite-orthoclase assemblage (Chase
and Johnson, 1977). Only rocks along the northern half of Carleton Ridge are outside this
zone; they lie within the kyanite zone of the amphibolite facies (Wehrenberg, 1972).
E xpected R elationships o f Vein-Form ing Processes
Four main processes may have formed the veins in the study area: anatexis,
metamorphic differentiation, injection, and metasomatism. Criteria useful for determining
which process formed a particular vein are presented in Harris (1974), Yardley ( 1978),
Hyndman ( 1985, p.471-478), Johannes ( 1988), and Sawyer and Barnes ( 1988). Because
Johnson (1975) noted that veins interpreted to be metasomatic in origin generally occur in
host rocks of much lower grade than those in the study area, the description of features
produced by metasomatism is omitted from this section. Although metasomatism certainly
occurs in high grade rocks, veins formed strictly by metasomatic processes are very rare in
these rocks (Johnson, 1975).
Prior to conducting fieldwork, I made a summary of the features expected to occur
as a result of each of the three main processes of vein formation. This summary describes
what relationships should exist if that particular process was dominant in forming the rock.
A natectic Processes
Anatetic veins form from a magma derived by the partial melting of the host rock.
With the exception of volatiles, anatectic veins form in a closed chemical system. The
"system” consists of the vein and the host rock a few vein widths from the border of the
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vein. Field identification of anatectic veins is possible only if they remain at the site of
generation. Anatectic veins that have moved away from their source become
indistinguishable from an injection vein whose source is an igneous pluton (Johnson,
1975).
The compositions of the veins must be produced by the partial melting of the host,
and the compositions of each must be such that the vein would be completely molten at a
temperature that would permit the host to be partially molten. Furthermore, the
composition of the veins should be closer to the minimum melting trough on the granite
ternary diagram than the composition of the host. Anatectic veins should be bordered by a
selvage more mafic or refractory than either the host or the vein. Summing the
compositions of the selvage and the vein should give the composition of the host.
Anatectic veins should possess igneous textures, with equigranular grains and simple grain
boundaries, while their hosts should exhibit metamorphic textures. Metamorphic minerals
should not occur in the veins unless portions of the host have been incorporated into the
veins.
It is likely that water required for melting will migrate more easily along foliation
planes, rather than across them; therefore, veins produced by anatexis should form
concordant to the foliation of the host. No evidence that dilation or cross-cutting occurred
should be apparent. Pinch and-swell or irregular borders may be common, and the borders
of the veins may range from sharp to diffuse. Because anatectic veins presumably form
during regional metamorphism, they may be folded by any later deformation.
Injection Processes
Injection veins form as magma moves through fractures or along the foliation
planes of its host rocks. Injection veins and their host rocks represent an open chemical
system in that the vein material is not derived from its immediate host rocks, but from a
nearby pluton or deeper anatectic zone. Therefore, the composition of the vein in no way
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depends upon the composition of the host. Because injection veins form from a magma,
their composition must be such that they would be molten at ‘‘magmatic” temperatures.
Therefore, they should display igneous textures with simple grain boundaries. Injection
veins may have mafic selvages or reaction rims if there is compositional disequilibrium
between the vein and host. These commonly occur where granitic veins are injected into
calc-silicate host rocks, forming reaction rims of hornblende.
Structurally, injection veins form by dilation of the host. Therefore, they may be
either concordant or discordant to the host; if discordant they should dilationally offset any
obliquely oriented layering within the host. Injection veins characteristically have parallel
borders, and their contact with their host may range from very sharp to diffuse. Because
they form from a magma, injection veins may be texturally zoned, with finer grains along
the border zones and coarser grains in the core, or may be mineralogically zoned, with
feldspars and micas along the border, and quartz in the core.
M etam orphic D ifferentiation
Metamorphic differentiation veins form within a closed chemical system in the solid
state; the veins do not solidify from a magma. Mechanical work must be imposed upon the
closed system to produce the veins from the host. Foliation of the host is evidence that
work has been done to the system. Veins produced by metamorphic differentiation should
consist of the most mobile constituents of the host. In quartzofeldspathic and pelitic rocks
these mobile constituents are quartz, potassium feldspar, and sodium-rich plagioclase.
Veins formed by metamorphic differentiation are characteristically unzoned, and
would be expected to have metamorphic textures. They may be bordered by a mafic
selvage. The composition of the vein and selvage should sum to the original composition
of the host rock.
Metamorphic differentiation veins form under directed pressure, so they should be
concordant to the foliation of the host. Their borders are characteristically parallel, but may
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range from sharp to diffuse. There should be no evidence of dilation of the host in a vein
produced by metamorphic differentiation. Within high-grade rocks metamorphic
differentiation veins typically form alternating mafic-felsic layers spaced evenly throughout
the rock. This gives the rock its characteristic “gneissic” appearance.

GRANITIC VEINS in the NORTHERN BITTERROOT RANGE
Veins in the Pelitic Schist

Kyanite Zone"’

Within the study area, the sillimanite-kyanite isograd roughly parallels Carlton
Ridge north of Lolo Peak (Figure 2). I examined outcrops of muscovite-rich pelitic schist
for evidence of anatexis within the kyanite zone. If the breakdown of muscovite to
sillimanite and potassium feldspar along the second sillimanite isograd triggered melting of
the host to produce anatectic melts, then no evidence of anatexis should be observed in the
kyanite zone rocks. I did not observe any kyanite within the “kyanite” zone. Hyndman
(personal communication, 1998) mentioned it occurs in sparse amounts within the pelitic
schist. Thus this zone may be thought of as a “sillimanite absent” zone. The
quartzofeldspathic gneiss is not exposed, and the pelitic schist only poorly exposed within
the kyanite zone along Carlton Ridge.
Two types of veins exist within the pelitic schist in the kyanite zone. The more
common type are granitic in composition, lack mafic selvages, and are concordant to the
strongly foliated host rock (Plate 1). They are commonly 20 to 50 cm wide. Many are
coarse-grained, some displaying muscovite books 2 cm across. They commonly have a
poorly developed graphic texture along their borders. These features suggest formation by
injection, not anatexis. The Skookum Butte stock crops out nearby, and many veins with
similar characteristics occur in sillimanite zone host rocks bordering the Skookum Butte
stock. These veins are most likely injection veins related to the Skookum Butte stock.
The less common type of vein found in the kyanite zone rocks is composed entirely
of quartz (Plate 2). These veins are concordant with the host rock’s foliation, and range in
width from 10 to 30 cm. Having a composition dominated by quartz precludes these veins
from being anatectic in origin. They are probably formed by diffusion, or crystallized from
a vapor phase, within the country rocks as metamorphic pressures and temperatures
declined in the pelitic schist.
10
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Plate 1: Concordant granitic veins within pelitic schist along Carlton Ridge. Kyanite zone.
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Plate 2: Concordant quartz veins within pelitic schist along Carlton Ridge. Kyanite zone.
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The kyanite zone rocks do not contain any veins with characteristics suggesting an

origin by anatexis. However, the vast majority of veins with anatectic features have been
observed in the quartzofeldspathic gneiss, which was not exposed in the kyanite zone.
Only the pelitic schist was exposed in this zone, and rather poorly at that. The gneiss is
exposed after crossing the kyanite-sillimanite isograd into the sillimanite zone. Veins with
features suggesting an origin by anatexis are readily observed in the quartzofeldspathic
gneiss within several hundred meters of the kyanite-sillimanite isograd. This supports the
hypothesis that dehydration melting of muscovite at grades above the second sillimanite
isograd supplied water to initiate melting within the sillimanite zone.
Veins in the Pelitic Schist ^Sillimanite Zone”
The pelitic schist unit within the present study area is a biotite-quartz-feldspar rock
that locally contains muscovite and sillimanite and is everywhere strongly foliated. Biotite,
and where present muscovite, define the foliation for this unit. Potassium feldspar augen
are present locally within the pelitic schist, which weathers in outcrop to a reddish-brown
color. Granitic veins are virtually ubiquitous within the pelitic schist, in places comprising
as much as 50% of the rock. The vast majority (over 95%) of the granitic veins observed
in this unit did not possess features indicative of origin by anatexis in situ, as noted below.
The pelitic schist is well exposed east of Central and North Kootenai lakes, along
the northern and southern shores of Bass Lake, and upon the cirque face of Lolo Peak,
southwest of Carleton Lake. It can be divided into two subunits based on texture: a
gneissic unit and a schistose unit. Both weather red in outcrop and are heavily engorged
with granitic material. The gneissic pelitic schist unit lacks visible muscovite and
sillimanite in hand sample, contains large augen of feldspar, and displays coarse gneissic
layering (Plate 3). Because of the very coarse gneissic texture, it is difficult to determine if
veins in the gneissic pelitic schist formed by anatexis or some other method such as
metamorphic differentiation. However, parts of the gneissic pelitic schist are more finely
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Plate 3: Gneissic pelitic schist with augen along south shore of Bass Lake. Sillimanite
zone.
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foliated, in these areas it is possible to identify veins with anatectic features because the
veins are typically wider than the scale of the gneissic texture, as well as possessing
irregular borders of biotite that are commonly thicker than the biotite layers defining the
foliation in the gneiss. The schistose pelitic schist unit contains large amounts of biotite,
and in places sillimanite, along with a minor amount of muscovite. It lacks augen of
potassium feldspar, and constitutes at least 70% of the outcrop exposure of the pelitic schist
unit.
Towards the contact between the pelitic schist and the quartzofeldspathic gneiss are
angular blocks of calc-silicate rock engulfed by the pelitic schist (Plate 4). The blocks
consist dominantly of green diopside, are resistant, and typically stand in relief several
centimeters above the outcrop surface. Layers within these blocks locally exhibit isoclinal
folds. In many cases the blocks appear to be boudins within the pelitic schist, the foliation
in the schist gently wrapping around the calc-silicate blocks. This seems likely due to the
greater competence of the calc-silicate layer compared to the schist; the more rigid calcsilicate layer breaks into boudins as the plastic schist flows around them. The two units do
not have a reaction rim between them. Geologists working in the unmetamorphosed Lower
Belt units (Winston, personal communication, 1998; Wehrenberg, 1972) have noted thin
lime-rich layers within the Prichard Formation near its contact with the overlying Ravalli
Group. Presumably, those layers are now the thin calc-silicate lenses and boudins
observed in the pelitic schist near its contact with the quartzofeldspathic gneiss.
In addition to the calc-silicate pods, the pelitic schist also contains concordant lenses
and boudins of amphibolite ranging from 10cm layers to pods 3m across (Plate 5). All the
amphibolites observed in the study area were strongly foliated; some contained garnet. The
vast majority of pod-like amphibolites were cut by randomly oriented veins of quartz; most
of the lens-like bodies were not. The quartz veins probably formed as the competent
amphibolite fractured during deformation. Quartz in the fractures likely came from the
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Plate 4: Blocks of resistant calc-silicate rock engulfed by gneissic pelitic schist along south
shore of Bass Lake. Sillimanite zone.
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Plate 5: Boudinaged gamet-amphibolite sill in gneissic pelitic schist. Cirque southwest of
Carlton Lake. Sillimanite zone.
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surrounding quartz-bearing schist. That the amphibolites were metamorphosed
contemporaneously with the schist is shown by their amphibolite facies mineralogy (garnet
hornblende), strong foliation, concordance to the host schist, and deformational features
such as boudins. The amphibolite bodies were probably basaltic sills or dikes injected into
the Prichard Formation prior to (or during) metamorphism.
Injection Veins
Four types of granitic veins occur within the pelitic schist in the study area. The
most common type is concordant to its host, lacks mafic selvages, and has igneous
textures. These veins are up to 2m wide and often constitute 50% of the outcrop (Plate 6 ).
They commonly display pegmatitic textures and textural and mineralogical zonation with
smaller grains along the border, larger grains in the core; and feldspars concentrated along
the border and quartz in the core. Locally they contain 2cm books of muscovite. In many
cases they are boudinaged and isoclinally folded; where they are not pegmatitic they are
often weakly foliated. Almost invariably their contact with the enclosing schist is sharp.
Exceptions occur where these veins are their widest. There the contacts between the host
and vein become rather gradational and nebulous, with the schist gradually losing its strong
foliation and becoming more and more granular until it is entirely granite.
Veins described above are spectacularly exposed along the north shore of Bass
Lake, in the cirque southeast of Bass Lake, east of North Kootenai Lake, and in the cirque
southwest of Carleton Lake. Additionally, veins with similar features are poorly exposed
along unmaintained logging roads east of the Elk Meadows road along the west side of the
northern Bitterroot Range.
The veins described above do not exhibit features indicative of origin by anatexis,
and are probably injection veins derived from the Bitterroot batholith (see discussion on
expected relationships). Alternatively, they may have been generated at deeper crustal
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Plate 6: Multiple granitic injection veins in gneissic pelitic schist along north shore of Bass
Lake. Sillimanite zone.
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levels by anatexis and emplaced in their present position during deformation and regional
metamorphism.
M etam orphic D i^erentiation Veins
The second commonest type of granitic vein in the pelitic schist occurs exclusively
in the gneissic pelitic schist. They average 1cm in width, alternate with thinner biotite
layers, and give the rock its gneissic appearance (Plate 7). Their borders are typically
parallel; no textural or mineralogical zoning is apparent within them. Features suggesting
origin by anatexis are lacking in these veins; they most likely formed through metamorphic
differentiation of the pelitic schist (see discussion on expected relationships).
A natectic Veins
Veins displaying features indicating origin by anatexis are rare in the pelitic schist,
making up less than 5% of the veins within the schist. They are found in the schistose
pelitic schist, but occur more often in the gneissic pelitic schist. Where observed in the
schistose pelitic schist these veins are only l-2cm wide and average 25cm in length. They
are concordant to their host’s foliation and exhibit pinch and swell and irregular borders
surrounded by a mafic selvage of biotite (Plate 8). Aside from an occasional flake of
biotite, micas are absent from these veins and they are rarely mineralogically zoned. These
veins only occur where the schistose pelitic schist is rich in sillimanite.
Concordant granitic veins with irregular borders and biotite selvages are more
abundant in the gneissic pelitic schist. Finding them is easy where the gneissic layering is
fine or weak. Here they may be 3cm thick and up to 3m long. Although most often
straight, they are in places folded into S or Z folds. I interprète the veins described in the
preceding paragraphs to have originated by anatexis. The majority of the anatectic veins
described above are exposed at Kootenai Lakes, the remainder at Carlton Lake.
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Plate 7: Gneissic pelitic schist. Note coarse gneissic layering and large augen in center of
photo. East of Bass Lake. Sillimanite zone.

Plate 8: Possible anatectic migmatite in gneissic pelitic schist (In line with pencil). Cirque
southwest of Carlton Lake. Sillimanite zone.
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Ptygm atic Veins
The final type of granitic vein in the pelitic schist is ptygmatic in character. These
lack mafic selvages and are commonly -1cm wide. However, they are often several meters
in length. Ptygmatic veins exist in both subunits of the pelitic schist, being equally
abundant in both. They commonly cut the host's foliation at a slight angle, and in places
are offshoots of larger concordant veins within the pelitic schist. Because these ptygmatic
veins lack mafic selvages and are commonly discordant, they presumably formed by
injection and may be related to larger injection veins within the pelitic schist.
Veins in the Q uartzofeldspathic Gneiss
The quartzofeldspathic gneiss (QFG) is a biotite-quartz-feldspar rock that weathers
grey, lacks augen, and is well exposed in cirque walls and along aretes throughout the
study area (Plate 9). Its texture ranges from finely to coarsely foliated, and it is everywhere
strongly deformed and complexly folded. Biotite layers define the foliation within this
unit. The quartzofeldspathic gneiss' composition varies from that of a quartztite, exposed
along the Elk Meadows road, to a biotite-rich gneiss well exposed at Kootenai and Bass
Lakes. Sillimanite was nowhere observed in the quartzofeldspathic gneiss within the study
area.
Although pods and lenses of calc-silicate rock and amphibolite are found in the
quartzofeldspathic gneiss, they are much more common in the pelitic schist. Where found,
they occur as concordant bodies of resistant material that often stand above the general
outcrop surface. Calc-silicate pods are typically boudinaged and consist dominantly of
diopside; amphibolite bodies are also boudinaged, and consist of hornblende and, locally,
garnet. Both are strongly foliated. Presumably, the calc-silicate bodies were formerly
lime-rich layers within the quartzite; the amphibolite bodies are probably metamorphosed
and boudinaged basaltic sills or dikes.
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Plate 9: Typical exposure of quartzofeldspathic gneiss. Cirque north of South Kootenai
Lake. Sillimanite zone.

24

Granitic material abounds in the quartzofeldspathic gneiss. Most of it occurs as
vein-like bodies concordant to the foliation in the host, but in places large (several m^)
pods of granite are also found within the gneiss. Four types of granitic veins exist within
the quartzofeldspathic gneiss in the study area.
Injection Veins
Granitic veins that lack mafic selvages and possess parallel borders and local
pegmatitic textures are very common in the quartzofeldspathic gneiss. These veins are
typically 5 to 25cm wide, with some well over 2m wide (Plate 10). They are most easily
recognized where they are coarse grained, unfoliated, and lack biotite. Identification
becomes difficult where these veins are foliated and contain biotite. For this reason, in
addition to the fact that they are similar in color and composition to the gneiss, estimating
the percentage of the outcrop consisting of these veins is difficult. The field relations
associated with these veins suggest origin by injection, presumably from the Bitterroot
batholith or, alternatively, from anatectic melts generated below the present level of
exposure.
M etam orphic D ifferentiation Veins
By far the most common types of granitic veins in the quartzofeldspathic gneiss are
those inferred to be formed by metamorphic differentiation (Plate 11). These are typically
l-2cm wide, medium grained, and contain biotite. They nowhere display pegmatitic
textures; nor do they ever contain muscovite. Their parallel borders are separated by
thinner biotite layers, giving the rock its gneissic appearance. Veins possessing these
features are concordant, make up the foliation, and are commonly folded into a variety of
shapes. As mentioned above, veins displaying these characteristics are interpreted to have
formed through metamorphic differentiation of the feldspathic quartzite.
Ptygm atic Injection Veins
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Plate 10: Large granitic vein in finely foliated quartzofeldspathic gneiss. East of Bass
Lake. Sillimanite zone.

26

Plate 11: Strongly differentiated quartzofeldspathic gneiss. Sillimanite zone. Scale in
millimeters.
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The third type of granitic vein in the quartzofeldspathic gneiss, and the least
common, are those that have been ptygmatically folded. Ptygmatic veins are typically
-1cm wide, lack biotite, and are medium grained. The majority of these lack mafic
selvages and are discordant to their host through at least some of their length. Presumably,
ptygmatic veins with these features formed by injection into very weak rocks undergoing
deformation.
Ptygm atic Anatectic Veins
A small minority of ptygmatic veins do possess mafic selvages. Again they are
medium grained, and average 1cm in width. In places, however, they balloon in width to
4-6cm, whereas the width of their mafic selvage remains constant. This may be the result
of magma migration in the vein or, conversely, of deformation within the host constricting
the pathway and causing a buildup of melt at that point in the vein. Ptygmatic veins with
mafic selvages are commonly concordant for most of their length, but all are at least slightly
discordant over some of their length. They typically occur in very finely foliated
quartzofeldspathic gneiss.
The possession of igneous textures and mafic selvages by the ptygmatic veins
suggests an origin by anatexis. This is reasonable despite the fact that all of the ptygmatic
veins are slightly discordant over some of their length. The angle of discordance is very
small and was likely produced as the host was undergoing deformation during formation of
the veins.
An interesting relationship involving ptygmatic veins with mafic selvages is
exposed within the cirque southeast of Bass Lake. Several parallel ptygmatic veins within
the quartzofeldspathic gneiss apparently feed a much larger mass of deformed granitic
material (Plate 12). Two of the ptygmatic veins appear to have injected their magma into
the large mass after it was nearly solidified. As the vein material enters the main mass, it
retains its vein width. Other ptygmatic veins connected to the larger mass appear to grade
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Plate 12: Ptygmatic veins apparently feeding a larger mass of granite. Cirque southeast of
Bass Lake. Sillimanite zone.

Plate 13; Anatectic vein with thick biotite selvage in quartzofeldspathic gneiss. East of
Kootenai Lakes. Sillimanite zone.
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imperceptibly into it. This may be an example of magma movement and melt segregation,

where anatectic melts coalesce into larger bodies that may eventually give rise to plutons.
Other Anatectic Veins
The fourth and final type of vein observed in the quartzofeldspathic gneiss is
coarse-grained, possesses igneous textures, contains no muscovite but some biotite, and is
rimmed by a selvage of biotite. Such veins are everywhere parallel to the foliation of their
host. These veins commonly display irregular or pinch and swell borders, and are easily
recognized in weakly differentiated portions of the gneiss (Plate 13). They are fairly
common in the quartzofeldspathic gneiss, but nowhere constitute more than 15% of a
particular outcrop. When viewed in two dimensions, these veins pinch out after some
distance; rare views of the third dimension reveal shapes more like tubes than sheets,
suggesting formation occurred in situ.
These veins probably record localized melting of the gneiss, the melt produced
having not moved from its source. In only a few cases did the outcrops offer any clear
evidence for magma movement. Those cases involved veins having constant selvage
thickness but with the granitic portion “ballooned” to 5 or 6 times its normal vein width at
the end of the vein, suggesting deformationally enhanced melt migration within the vein
(Plates 14, 15). Other permissive evidence for magma movement within these includes: 1)
Selvages of biotite “caught up” within the granitic vein (Plate 16). These selvages are
typically parallel to the border of the vein, but in places are folded within them. This
evidence may imply vein material “rafting” off its selvages as it moves, and consequent
folding of some selvages during movement. 2) Selvages that do not entirely enclose the
vein. This is a much more common feature. In many cases the granitic material “bulges”
into the host; at these points the selvage is absent. The simplest interpretation is breaching
of the selvage by the granitic vein during melt movement.
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Plate 14: Possible melt migration in upper center of photograph. Note how thickness of
vein increases from left to right. Border also becomes very irregular. Other
anatectic veins below. Quartzofeldspathic gneiss in cirque southeast of Bass Lake.
Sillimanite zone.

Plate 15: Possible melt migration. Note how thickness of selvage remains constant but
thickness of vein varies greatly. See text for explanation. Sillimanite zone. Scale in
millimeters.
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Plate 16: Possible melt migration. Biotite selvages “caught up” in vein. Quartzofeldspathic
gneiss east of Kootenai Lakes. Sillimanite zone.

Plate 17: Block of quartzofeldspathic gneiss in gneissic pelitic schist. QFG contains
anatectic migmatites that do not extend into schist. Possible dewatering of schist to
melt QFG? Cirque southeast of Bass Lake. Sillimamte zone.
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Another interesting relationship involving veins within the quartzofeldspathic gneiss

appears near its contact with the pelitic schist, especially in the Bass and Kootenai lakes
areas. Where the two units are in contact, angular blocks of the gneiss are engulfed in the
schist, with the foliation of the schist wrapping around the blocks of gneiss. Interestingly,
granitic veins with mafic selvages and irregular borders occur in the blocks of
quartzofeldspathic gneiss, but not in the schist. These veins, presumed to be anatectic in
origin, nowhere, at least in the two dimensions of the outcrop, extend into the schist (Plate
17). Only rarely were granitic veins present in the schist interpreted as anatectic in origin
near the blocks of gneiss. The pelitic schist is mica-rich, but locally gneissic, at these
exposures. The above occurrences may be examples of anatexis within the gneiss, that
were induced by dewatering of the surrounding schist. The breakdown of muscovite to
form sillimanite in the schist would release the water necessary to initiate melting.
Abundant sillimanite and minor muscovite are visible in hand specimens of the schist at or
near these outcrops.
Veins in the border zone of the Bitterroot batholith
The contact between the Bitterroot batholith and the metamorphosed Belt rocks
along the northeastern border of the batholith is a wide, complex zone consisting of sheets
of host rock separated by alternating sheets of granite. Farther from the batholith the
granitic sheets gradually die out into a zone of highly deformed host rock. Nebulous,
“gradual” contacts between the quartzofeldspathic gneiss and granitic material abound in the
border zone, and xenoliths of quartzofeldspathic gneiss are common within the granitic
sheets (Plate 18).
Injection Veins
Three types of felsic veins occur within this border zone. The most common by far
are those that lack mafic selvages, are granitic in composition, and are either concordant or
discordant to the host rock’s foliation. Their borders commonly parallel one another: their
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Plate 18: Border zone of the Bitterroot batholith. Notebook on granite; xenoliths of
quartzofeldspathic gneiss to right (small) and left (large). Mildly contorted injection
veins crosscut all lithologies. Cirque north of South Kootenai Lake. Sillimanite
zone.

Plate 19: Anatectic vein in xenolith of gneiss in border zone of Bitterroot batholith. Cirque
north of South Kootenai Lake. Sillimanite zone.
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widths range from less than one cm to several meters. These veins have igneous textures
ranging from aplitic to pegmatitic. I interpret veins in the border zone possessing the above
characteristics as material derived from the batholith and injected into the country rock
during batholith emplacement. Discordant veins of this type cross-cut all other vein types
within the contact zone.
M etam orphic D ifferentiation Veins
The second most common type of granitic veins in the contact zone occurs
exclusively within the quartzofeldspathic gneiss. They range in width from less than 1 cm
to 2 cm, and alternate with thinner layers of biotite throughout the gneiss. Nowhere are
they more than a few feet long. They may be complexly folded and contorted, and alternate
with thinner biotite layers to give the rock a gneissic appearance. The majority of these
veins have parallel borders; pinch-and-swell or irregular borders are rare. In the field, it is
impossible to determine whether they have an igneous or metamorphic texture because of
their small grain size.
Because these veins do not show the presumed anatectic relationship of
host/selvage/vein, but instead have parallel borders and alternate with thinner layers of
biotite, these veins most likely formed by metamorphic differentiation. Conversely, they
may be granitic veins injected along biotite foliation planes. However, this seems unlikely
given the precisely repetitive nature of the felsic and mafic layers. In addition, all of the
veins are approximately the same width over distances of several meters. It seems highly
improbable for numerous injection veins to be so closely spaced and have such similar
thickness over such great distances.
In much of the quartzofeldspathic gneiss in the border zone of the batholith there are
no clear-cut trends between host, selvage, and vein; this makes it difficult to determine if a
particular vein is anatectic in origin. However, recognizing features that imply an anatectic
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origin for a particular vein is easy where the gneiss is finely foliated, and gneissic layering

weak to absent.
Anatectic Veins
The least common type of veins in the contact zone of the Bitterroot batholith are
veins interpreted as being anatectic in origin. These veins have irregular or pinch-and-swell
borders, are commonly coarse-grained, and where apparent in the field have igneous
textures. They are bordered by mafic, biotite-rich selvages which sharply grade into a
finer-grained, less mafic host. These veins are invariably concordant to the foliation of the
country rock and are commonly openly folded. In some cases they are deformed into S, Z,
or isoclinal folds.
Many single veins possessing the above characteristics were observed in xenoliths
and sheets of country rock separated by granite in the batholith border zone (Plate 19).
Because they are exposed in steep cirque walls, the third dimension was nowhere
observed. These veins are discontinuous within the xenoliths and do not appear to be
formed by injection of granite into the host. They are interpreted as being anatectic in
origin.
More commonly, veins with anatectic characteristics seem to occur in clusters or
bands separating more finely foliated host rock. These 'bands' typically contain several
felsic veins with igneous textures, all with pinch-and-swell or irregular borders, all
separated by biotite layers interpreted as selvages. Because the vast majority of anatectic
veins in the contact zone occur in bands or clusters, and not alone, this may indicate that
melting was localized in “pockets” within the finely foliated quartzofeldspathic gneiss.
R elative Age o f the M igm atites
Previous workers (Chase, 1968; Nold, 1968; Hyndman and others, 1988) have
documented three main deformational events affecting the rocks of the study area. These
workers noted that the high-grade (muscovite-sillimanite-orthoclase) mineral assemblages
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only formed during the first deformational event (D1 ). D1 is characterized by isoclinal
folds and strong axial plane schistosity (SI ) parallel to compositional layering.
Anatectic and injection migmatites are abundant in the gneiss, and injection
migmatites in the schist, within the field area. All of the migmatites interpreted as being
anatectic in origin parallel the SI schistosity. If these migmatites are a result of dehydration
of muscovite during development of the high-grade assemblages, then the anatectic
migmatites are the same age as D1. This explains why the anatectic migmatites are
everywhere parallel to the SI schistosity. Locally, some of the anatectic migmatites are
folded; this folding is probably associated with a later deformation which folded the SI
schistosity.
If the anatectic migmatites had formed before S 1, and were then rotated into place
during the formation of S I, their igneous textures, coarse biotite selvages, and irregular
and pinch-and-swell borders would likely have been deformed or destroyed by the rotation.
Because the aforementioned features are preserved, this implies formation during or
immediately following S 1 development. The anatectic migmatites were generated prior to
the later folding.
Injection migmatite is widespread in the present study area. Some of the injection
migmatites are clearly post-deformation. They cut all previous structures and lithologies,
and are unfoliated. They presumably originated from the Bitterroot batholith and were
injected into their host rocks during final emplacement of the batholith (see above section
on “Veins in the border zone of the Bitterroot batholith”).
The majority of injection migmatites in the study area are concordant with the S 1
schistosity, and are commonly folded with it. Many are boudinaged. The finer-grained
versions are commonly foliated. This suggests these migmatites were deformed during a
later deformation, which folded the SI schistosity. Therefore, these concordant injection
migmatites presumably formed during or immediately following D1. If they were
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generated during D1, at the height of metamorphism, they probably originated by anatexis

at deeper crustal levels and rose to their present position. Alternatively, these deformed
injection migmatites may be derived from the Bitterroot batholith, and were deformed
during D2 or D3, at the time of final batholith emplacement.

EXPECTED PETROGRAPHIC and CHEMICAL RELATIONS
Prior to conducting pétrographie and microprobe analysis, J made a summary of the
relations expected to occur in thin section and the anticipated results of SEM-EDS
(scanning electron mi croscope- )anal y si s. Additionally, I also infer thermobarometric
results using field relations. Use of the criteria outlined in the expected relations section
influenced sample selection such that the vast majority of samples chosen for pétrographie
and microprobe analysis were of inferred anatectic origin. Based on field relations, I
sampled veins thought to be formed by other processes sparingly to compare to results
obtained on inferred anatectic veins.
Pétrographie analysis of the pelitic schist in the kyanite zone should show fresh
muscovite, a lack of sillimanite, and the absence of features accompanying anatexis.
Analysis of sillimanite-zone schists should reveal evidence of muscovite breakdown, and
the presence of sillimanite and potassium feldspar. The quartzofeldspathic gneiss is not
exposed in the kyanite zone, but muscovite in the gneiss within the sillimanite zone should
appear similar to muscovite in the schist within the same zone. Veins inferred to be
anatectic in origin may be present in sillimanite schists and quartzofeldspathic gneisses of
sillimanite grade. Lenses and pods of garnet-bearing amphibolites observed in the field
were deformed and metamorphosed contemporaneously with the schists and gneisses.
They should contain hornblende, garnet, plagioclase, quartz, and possibly diopside and
biotite. Garnet-bearing amphibolites will be used for thermobarometric studies based on
microprobe analysis.
Pétrographie analysis of samples containing inferred anatectic veins should reveal
several features. The initial melt produced by anatexis of quartzofeldspathic gneiss or
pelitic schist in situ should have a composition close to the ternary minimum (PatinoDouce, 1996; Thompson, 1996; many others). Having formed from a melt, the veins
should possess igneous textures unless affected by later deformation or recrystallization.
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Their surrounding host should possess metamorphic (crystailoblastic) textures with a
foliation of platy or elongate grains. Veins of granitic composition melted from pelitic or
quartzofeldspathic host rocks should possess a mafic selvage of biotite (Yardley, 1978;
Hyndman, 1985, p.476). If water released during dehydration reactions initiated melting,
it would be expected to be dissolved into a partial melt due to the solubility of water in
silicate melts at high pressures (Burnham, 1979). This water may facilitate mineral growth
in anatectic veins such that the vein is more coarse-grained than the host.
I analyzed plagioclase feldspars in the quartzofeldspathic gneiss and pelitic schist
with an SEM-EDS unit to test the plausibility of anatexis. If granitic veins within a gneissic
host are derived in situ and represent a partial melt, then the composition of the plagioclase
within the vein should differ from that of the host according to the fractionation of calcium
and sodium between melt and co-existing plagioclase (Bowen, 1913; Yoder and others,
1957). Plagioclase in the granitic (anatectic) veins should be richer in the albite component;
plagioclase in the host or “depletion zone” should be richer in anorthite.

EXPECTED THERM OBAROMETRIC RESULTS
Previous workers (Chase, 1968; Hyndman, 1981) utilized a variety of evidence to
infer the pressures and temperatures under which rocks of the study area formed. Schists
and gneisses in the study area contain muscovite-sillimanite ± orthoclase and sillimaniteorthoclase ± muscovite assemblages (Chase, 1968; Nold, 1968), placing the rocks at or
near the second sillimanite isograd. Within the NaKFMASH system, melts are produced at
the second sillimanite isograd at temperatures above 650°C (Figure 3) (Spear and others,
manuscript submitted, 1998). Spear and others note that addition of calcium to the system
will slightly raise the temperature at which the muscovite breakdown reaction occurs.
Therefore, because calcium is present in the system under consideration, it is likely that the
muscovite breakdown reaction occurred at temperatures slightly greater than 650°C in the
study area. Apart from minor recrystallization of micas, the Bitterroot batholith intruded
the schists and gneisses without producing a contact aureole. This implies that the country
rocks were in thermal equilibrium with the granite of the batholith during its emplacement.
Estimates of pressures experienced by the schists and gneisses are based upon their
contact relations with, and the mineralogy of, the Bitterroot batholith compared with
experimentally determined reaction boundaries. The contact between the batholith and its
plastically deformed host rocks is diffuse and complex, and concordant on a regional scale,
suggesting emplacement at considerable depth. The batholith itself contains magmatic
muscovite, implying crystallization at pressures above about 4 kbar (Hyndman, 1981 ;
Spear and others, manuscript submitted, 1998). These temperature and pressure estimates
depend on field and pétrographie evidence and give reasonable estimates of the conditions
of metamorphism. Thermobarometric analysis upon garnet-bearing amphiboiites should
provide quantitative data to support or refute the above estimates.
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Figure 3: Melting relations in the NaKFMASH system. Note intersection of saturated
granite solidus (reaction 4) with muscovite breakdown curve (reaction 2) at invariant point
1 (IPl). Melt cannot be produced by muscovite breakdown at pressures below IPl. From
Spear and others, 1998, manuscript submitted.

PETROGRAPHY
Introduction
I analyzed thin sections of the pelitic schist in the kyanite and sillimanite zones to
characterize metamorphic textures and infer metamorphic reactions. 1 examined samples of
the quartzofeldspathic gneiss to compare features of inferred anatectic veins with their
hosts. Garnet-bearing amphiboiites provided mineral pairs for thermobarometry. I
visually estimated the percentages of minerals in the various lithologies. It should be noted
that the mineral abundances of all the units are highly variable (see also Chase, 1968,
pg. 16,19)
Petrography o f the Pelitic Schist

Kyanite Zone”

The pelitic schist in the '‘kyanite zone” (Wehrenberg, 1972) contains muscovite,
biotite, quartz, and plagioclase, which constitute more than 98% of the rock. Kyanite and
sillimanite appear to be absent in all of the samples analyzed. Potassium feldspar
(orthoclase) is absent in most samples, and very minor in amount when found in others.
Tourmaline, monazite, chlorite, and opaques occur in trace amounts.
Texturally, the pelitic schist consists of 2-3mm layers of quartz and plagioclase
alternating with layers of micas of similar thickness (Plate 20). C^artz («45%) is
moderately to strongly undulose, with sutured grain boundaries. Optically, plagioclase
(«25%) is locally twinned, and in some cases sericitized. Its composition determined
optically ranges from An22 to An27. Four plagioclase grains were analyzed by an SEM
EDS; three were An24, the fourth was An23. Muscovite («20%) is fresh, and occurs as
coarse blades intergrown with biotite. It is approximately twice as abundant as biotite,
which is also fresh but in some cases slightly altered to chlorite. The absence of kyanite is
not surprising; Hyndman (personal communication, 1998) mentioned it occurs in sparse
amounts within the pelitic schist.
42

43

A

*

-rP

Plate 20: Pelitic schist along Carlton Ridge. Kyanite zone. Note abundant, fresh
muscovite. Crossed polars. Width of view approximately 3mm.

Plate 21: Pelitic schist at North Kootenai Lake. Sillimanite zone. Note abundant,
prismatic, foliated sillimanite and lack of muscovite. Compare to plate 20. Plane
light. Width of view approximately 3mm.
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Petrography o f the Pelitic Schist * Sillim anite Zone”
The pelitic schist in the “sillimanite zone” contains quartz, plagioclase, biotite,
muscovite, potassium feldspar (orthoclase), and sillimanite, which constitute more than
98% of the rock (Plate 21). Accessory minerals include monazite, chlorite, apatite, and
opaques. Thin (2-lOmm) layers of quartz and plagioclase alternate with generally thinner
layers of micas; the parallel orientation of biotite and muscovite gives the rock its strong
schistosity. Quartz («40%) is anhedral, strongly undulose, and has sutured grain
boundaries. Plagioclase («20%) is anhedral and locally sericitized. Anorthite content
determined optically ranges from An25 to An32. Two grains analyzed by an SEM-EDS
unit had anorthite contents of An35 and An37. Plagioclase commonly shows albite twins.
Orthoclase («10%) is anhedral, and is nowhere in contact with sillimanite and muscovite.
Biotite (« 15%) is approximately 3 A times more abundant than muscovite. Except for local
chloritization, it is fresh. Muscovite («5%) is typically “ragged” and appears out of
equilibrium. The “ragged” muscovite encloses prismatic needles of sillimanite; only the
few flakes of “clean” muscovite lack sillimanite (Plate 22). Sillimanite («10%) also occurs
in quartz and biotite, and is very abundant in many samples, up to 20%. Generally,
samples containing abundant sillimanite have less muscovite, and vice-versa.
Because muscovite, sillimanite, and orthoclase do not share grain-to-grain contacts,
it cannot be assumed they are in equilibrium. Despite this apparent problem, analysis of the
changes in mineralogy and texture of the pelitic schist between the kyanite zone and the
sillimanite zone can be used to infer probable metamorphic reactions. The “clean,”
abundant muscovite within the kyanite zone gives way to the “ragged,” much less abundant
muscovite of the sillimanite zone. This suggests muscovite is breaking down to form
sillimanite, as prismatic sillimanite is found in all “ragged” muscovites within the sillimanite
zone. Furthermore, the amount of orthoclase in the “kyanite” zone (nearly zero) increases
to an average of 10% in sillimanite zone schists, implying generation of orthoclase along
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Plate 22: Pelitic schist at Bass Lake. Sillimanite zone. Sillimanite growing in “ragged”
muscovite. Plane light. Width of view approximately 3mm.
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Plate 23: Anatectic vein in quartzofeldspathic gneiss east of Kootenai Lakes. Sillimanite
zone. Note finer-grained, foliated host in upper right and lower left. Coarse
grained, K-spar-rich vein in center. Plane light. Width of view approximately
1cm.
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with sillimanite. Finally, anorthite contents of plagioclase increase from an average of
An24 in the kyanite zone to An30 in the sillimanite zone. These changes in mineralogy and
texture suggest the reaction:
muscovite + quartz + Na-plagioclase => sillimanite +
Na-orthoclase + more calcic plagioclase + H2O
This reaction will begin to release water from muscovite at temperatures between 650700°C at pressures of 4-6 kbar (Figure 3), Various workers (Burnham, 1967; Clemens,
1984) have suggested, and research (Clemens and Vielzeuf, 1987; Veilzeuf and Flolloway,
1988; Spear and others, manuscript submitted, 1998) has shown that muscovite
breakdown generates small quantities of water-rich melts that form veins, pods, and small
plutons unable to move far from their source area. Vielzuef and Holloway ( 1988) note that
migmatites in metapelites near the second sillimanite isograd probably originated by this
process. Alternatively, water released by muscovite breakdown in relatively refractory
rocks may rise into more fertile units that are above their wet-solidus temperatures and
initiate melting there (France-Lanord and LeFort, 1988; Scaillet and others, 1990;
Thompson and Connolly, 1995). Water released by muscovite breakdown within the
schist could migrate along grain boundaries, foliation planes or through minute fractures
(See section on Fluid Migration).
Petrography o f the Q uartzofeldspathic Gneiss
The quartzofeldspathic gneiss is a strongly differentiated rock with alternating felsic
and mafic-rich layers; a typical felsic layer is on average 3 to 4 times thicker than its
associated mafic counterpart. The layers appear to have formed by metamorphic
differentiation (see chapter on field relations). The felsic layers consist dominantly of
quartz, plagioclase, and potassium feldspar. Mafic layers consist of biotite, but biotite also
occurs as scattered grains within felsic layers (Plate 23). Parallel orientation of biotite
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defines the foliation in the rock. Accessory minerals include muscovite, apatite, monazite,

sphene, and opaques, with chlorite occurring as an alteration product of biotite.
Quartz(=45%) is anhedral and strongly undulose, with sutured grain boundaries.
Plagioclase («25%) is anhedral and commonly shows albite twins. It is locally sericitized,
and in a few cases myimekitic. Anorthite contents in plagioclase range from An25 to
An39. Orthoclase («10%) is anhedral and locally appears “dusty;” it is probably slightly
kaolinized. These three main minerals are most commonly moderately fine-grained (0.51.0mm). Biotite («15%) is more commonly fine-grained and occurs as foliated blades in
both mafic and felsic layers. Local blades of muscovite occur with biotite; these invariably
have sillimanite needles growing in them.
Description and Origin o f the Granitic Veins
The quartzofeldspathic gneiss contains “veins” of granitic material rimmed with
biotite selvages that are probably produced by anatexis (Plates 23, 24). These veins consist
of quartz, orthoclase, and plagioclase along with minor biotite. They are commonly <1-2
cm wide, and commonly 10-20 times as long. Their compositions plot close to the granite
“ternary minimum;” their immediately adjacent host rocks plot farther from the ternary
minimum (Figure 4). The grain size of these granitic veins is very coarse compared to the
adjacent felsic layers thought to have formed by metamorphic differentiation (Plate 25).
Grains up to 5mm in diameter in the veins are not uncommon. This may reflect the
presence of water inhibiting nucléation, thereby facilitating growth of coarse grains during
generation of the veins. These granitic veins have igneous textures, and biotite in them is
typically randomly oriented. Margins of the vein minerals are irregular compared to the
more granulitic texture of the host layers.
These veins have very irregular or “pinch-and-swell” borders rimmed with a
selvage of biotite, which probably represents a residue left over from partial melting during
vein formation (Johannes and Gupta, 1982; Olsen, 1983). The biotite selvages are foliated;
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Plate 24: Coarse-grained anatectic vein in quartzofeldspathic gneiss. Note irregular border,
biotite selvage, and concentration of potassium feldspar in vein compared to host.
Sillimanite zone. Scale in millimeters.

Plate 25: Coarse granitic vein probably generated by anatexis in quartzofeldspathic gneiss.
Coarse-grained vein at top, biotite selvage in middle, finer-grained, foliated host
below. Note grain size difference between vein and host. Bass Lake. Sillimanite
zone. Crossed polars. Width of view approximately 1cm.
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Figure 4: Quartz-Orthoclase-Plagioclase ternary diagram displaying compositions of
anatectic veins and their immediately adjacent host rocks. TM is the composition of the
minimum temperature melt in a system containing An25-30 plagioclase under 6 kbar water
pressure. Modified from Luth ( 1976). See Appendix C.
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their orientation being the same as that of the biotite in the host. The biotite in the selvages

is commonly coarser grained than the biotite in the host. This may imply water-assisted
mineral growth during formation of the selvage. In many cases vein minerals protrude into
the selvage; these may be grains crystallized from a partial melt after formation of the mafic
selvage.
In addition to the features described above, several samples also display a
“depletion zone” that lacks orthoclase within the host adjacent to the mafic selvage (Plate
26). This “depletion zone” is generally only observed in samples that have a low
concentration of orthoclase in the host. Other samples with higher amounts of orthoclase in
the host lack an easily documented depletion zone. The “depletion zone” probably formed
by extraction of orthoclase from the host during partial melting (Olsen, 1983; Nyman and
others, 1995). Samples without this zone had sufficient amounts of orthoclase in the host;
during anatexis enough orthoclase was delivered to the vein without noticably depleting the
surrounding host.
If the granitic veins within the quartzofeldspathic gneiss are indeed partial melts,
they should contain plagioclase more sodic than that of the host (Bowen, 1913; Yoder,
1957). SEM-EDS analysis of plagioclase grains in the veins and their hosts (Figure 5)
shows that this is not the case. Within a single sample, anorthite content of plagioclase in
vein and host are nearly the same; in a few cases the An contents of the plagioclase in the
veins are slightly higher than those of the host (Figure 5). However, these findings do not
necessarily rule out anatexis as the process of vein formation, for the plagioclase in the vein
and host could have reequilibrated by diffusion following crystallization of the vein. Water
released by crystallization of the melt could assist the diffusion process (Olsen, 1983).
Alternatively, Johannes and Gupta ( 1982) and Gupta and Johannes (1982) explain
the similarities in anorthite content between the host and vein by isochemical melting
followed by in situ crystallization. Their model for the paragenesis of layered migmatites in
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Plate 26: Depletion zone of orthoclase surrounding biotite selvage, probably formed by
extraction of orthoclase during partial melting of quartzofeldspathic gneiss. Coarse
grained, K-spar-rich vein at top, “depletion zone” in middle, K-spar-bearing host at
bottom. East of Kootenai Lakes. Sillimanite zone. Plane light. Width of view
approximately 1cm.

Plate 27: Garnet amphibolite. Note “tails” of quartz and feldspar adjacent to garnet
porphroblast. Cirque southwest of Carlton Lake. Sillimanite zone. Plane light.
Width of view approximately 1cm.
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Figure 5: Anorthite contents of plagioclase in anatectic veins and their immediately adjacent
host rocks.
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southern Scandinavia calls upon a layer-by-layer transformation of protolith into migmatite.

Pre-migmatized host rocks are meta-greywackes with rhythmic layers containing differing
ratios of quartz, plagioclase, and potassium feldspar. Evidently, layers containing a
suitable combination of granite minimum phases melted prior to layers that did not, as seen
by the differing compositions of migmatite veins at different grades of metamorphism
(Johannes and Gupta, 1982; Gupta and Johannes, 1982). Johannes and Gupta (1982)
state that a layer-by-layer transformation of parent rock to migmatite should not show
plagioclase of different compositions if the rocks cooled slowly enough to allow
equilibrium or near equilibrium crystallization, and by this process the plagioclase
composition of a migmatite vein should reflect that of its parent rock.
The features described in the preceding paragraphs strongly suggest formation of
the granitic veins by partial melting of the quartzofeldspathic gneiss. Dehydration of
muscovite within the pelitic schist would release water that could migrate into the overlying
quartzofeldspathic gneiss, producing local zones of saturation or near-saturation (see also
Mehnert, 1968, p. 242-243; Thompson and Connolly, 1995), thereby lowering the solidus
of the gneiss such that it was able to melt at temperatures at or slightly above the second
sillimanite isograd. The simple reaction :
Quartz -t- Orthoclase + Plagioclase + H 20 = Melt
would therefore occur in the gneiss wherever suitable amounts of water and proper ratios
of granite minimum phases existed.
These melts, being water saturated or nearly so (Burnham, 1967; Clemens, 1984),
would quickly intersect their solidus (Figure 1) and therefore be unable to migrate far. That
most of the water necessary to lower the solidus of the quartzofeldspathic gneiss came from
the pelitic schist and not the gneiss itself is shown by the lack of sillimanite in the gneiss.
If the gneiss had originally been rich in muscovite, which upon dehydration released water
to initiate melting, it should have a higher content of sillimanite because sillimanite is
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produced by muscovite breakdown. The quartzofeldspathic gneiss typically has only 1-2%

sillimanite.
Patino-Douce and Johnston ( 1991) have shown that muscovite rich petites, despite
containing a large percentage of hydrous phases, are rather poor melt producers at
temperatures near the second sillimanite isograd. Patino-Douce and Johnston (1991) note
that mica-rich petites are laden with refractory elements {AI2O3, FeO, MgO), and therefore
are not likely to produce much (if any) melt at low temperatures, especially if the petites are
low in "granite minimum” phases. This explains why the vast majority of the anatectic
migmatites formed in the quartzofeldspathic gneiss. Field relations reveal that only minor
melting occurred in the pelitic schist. Clemens and Vielzeuf ( 1987) and Patino-Douce and
Johnston ( 1991 ) have shown that psammitic (quartz-feldspar) rocks appear to be much
better protoliths for magma production at low temperatures, provided water is present.
W ater released by dehydration of the schist would rise into the gneiss due to the density
contrast between rock and water. Minute fractures through grains or along grain
boundaries or dissolution-reprecipitation along grain boundaries in the more competent
gneiss could allow ingress of water to initiate melting (See section on Fluid Migration).
Petrography o f the Am phiboiites
Amphiboiites within the study area contain the assemblage hornblende + plagioclase
+ biotite + quartz ± garnet (Plate 27). Minor phases include sphene, zircon, and opaques.
Hornblende is anhedral to subhedral, with moderate greenish brown to pale-brown
pleochroism. Plagioclase is anhedral and not typically twinned, making optical estimation
of plagioclase percentage difficult. Biotite occurs as scattered grains, especially near
garnet. Quartz is anhedral and fairly abundant, especially in pressure shadows around
garnet. Garnets are anhedral, and riddled with inclusions of quartz, biotite, hornblende,
and opaques. They appear to be pyralspites, as they are totally isotropic.

THERM OBAROM ETRIC RESULTS
Samples of garnet-bearing amphiboiites collected from the cirque southwest of
Carlton Lake were selected for thermobarometric analysis. The garnet biotite and gamethomblende geothermometers and the gamet-homblende-plagioclase-quartz geobarometer
were chosen because these systems are unaffected by partial pressures of fluids during
metamorphism (Graham and Powell, 1984; Spear, 1993, p. 516). This is important as
muscovite breakdown above the second sillimanite isograd releases water, thus affecting
the fluid pressure of the system. To obtain assemblages representative of equilibrium
conditions, clean contacts between the mineral species mentioned above were located and
examined by an SEM-EDS unit.
Garnet occurs as large («5mm), subhedral porphroblasts within the amphibolite. It
is typically riddled with inclusions of quartz and opaques, and to a lesser extent biotite and
hornblende. Biotite and hornblende inclusions in garnet were not utilized for temperature
calculations. Large, clean, chemically unzoned biotites touching garnet rims were chosen,
as were fresh, unzoned hornblendes in clean contact with garnet rims. In addition to garnet
and hornblende, pressure calculations incorporated fresh plagioclase in clean contact with
those species.
Initial results on five gamet-biotite pairs using the calibration of Ferry and Spear
( 1978) ranged from 620°C to 773°C. Two of the pairs (sample CC-44) yielded
temperatures of 620°C and 622°C, respectively. Two additional pairs (samples CC-39,
CC-42) yielded temperatures of 673 °C and 678° C. The fifth gamet-bi otite pair analyzed
(sample CC-39) produced two results. Core compositions yielded a temperature of 773°C;
rim compositions yielded a temperature of 770°C.
Unfortunately, none of these results can be considered reliable. Further study
showed the mole fraction of calcium ranging from 21 % to 26% in the garnets analyzed.
Calibrations by Ferry and Spear (1978) did not take into account substitution of calcium for
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magnesium in gamet. Spear ( 1993, p. 525) notes that a correction of 4 °C/mole % calcium
may be used for garnets with less than 10 mole % grossular component. Garnets with
greater amounts of calcium, such as those analyzed above, require more complex mixing
models in order to achieve accurate temperatures (Spear, 1993, p525). Therefore, the
calibrations of Ferry and Spear ( 1978) are inapplicable to the garnets in this study.
However, the gamet-homblende geothermometer developed by Graham and Powell
(1984) accounts for the substitution of calcium for magnesium in garnets, making it
suitable for the garnets of this study. Results from samples CC-39, C C ^ , and CC-42
give temperatures of 673°C, 681 °C, and 727°C, respectively. These temperatures lie
along or above the muscovite breakdown curve and are within the range of muscovite
dehydration due to solid solution (Figure 3). They are well below the temperatures
required for breakdown of biotite, which is fitting as the rocks in question lack any
evidence for biotite breakdown.
Pressures were calculated using the calibration of Kohn and Spear (1990) for the
assemblage gamet-homblende-plagioclase-quartz. Kohn and Spear (1990) note that their
empirically calibrated geobarometer is most reliable when applied to samples with mineral
compositions similar to those used for calibration. The samples chosen for geobarometry
met this qualification, with the exception of plagioclase in sample CC-44, which has an
anorthite content of An73 (Appendix A). Kohn and Spear ( 1990) used plagioclase
compositions from A n lS to An70in their empirically calibrated data set. House (1995)
noted that garnet amphibolite samples from Carlton Lake having An contents above An 70
(An92-94) gave pressures .2 .4 kbar lower than those with plagioclase having an anorthite
content within the suggested range.
Analysis of sample CC-44 yielded a pressure of 5.9 kbar. Two gamet-plagioclasehomblende triplets in sample CC-42 recorded pressures of 6.7 kbar and 6.9 kbar. The
lower pressure of sample CC-44 may be a result of its high An content (see above). These
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results correspond to depths of 38-21 km, which cannot be explained by simple
stratigraphie overburden. Estimates of the thickness of the Belt Supergroup in the area
range from 13-17 km (Hyndman, 1980; Winston, 1986). The additional 1-7 km of
overburden required to generate pressures obtained by geobarometry may have been
provided by east-to-northeast-directed thrusting (House, 1995) prior to metamorphism.
Alternatively, Paleozoic to Early Mesozoic strata may simply have overlain the Belt
Supergroup during metamorphism and have been subsequently removed by erosion.
Border (1997) obtained pressures of 5.3 kbar on rocks of Prichard Formation near
Perma, Montana. Because the metamorphic event that generated these pressures occurred
in the Middle to Late Proterozoic (Sears, personal comm., 1998), these pressure estimates
do not incorporate the additional «7 km of Paleozoic and Mesozoic sediments known to
overlie the Belt Supergroup rocks northeast of the present study area (Sears and others,
1988). The additional 7 km of Paleozoic and Mesozoic stratigraphy above the Belt
Supergroup is approximately what would be needed to generate pressures («7 kbar)
obtained on rocks of the present study area (see above).
The standard deviation at 1o for the temperatures and pressures achieved by the
gamet-amphibolites are 6 9 3 ± 23°C and 6.5 kbar ± .43 kbar, respectively (Figure 6 ).
These error estimates do not include the many uncertainties associated with imperfect
thermodynamic data for various minerals (Appendix C). Therefore the uncertainties given
above should be taken as minimum values. These results agree with thermobarometry
performed by House (1995) on gamet amphiboiites and pelitic schists within the northern
portion of the Bitterroot Dome (Figure 7). The results are also in accord with petrologic
constraints. The “region" of pressure-temperature space (Figure 7) in which the rocks
equilibrated lies on the muscovite breakdown reaction curve. The locale from which the
samples were collected contains anatectic migmatites, and pelitic samples have muscovite

58

Bitterroot Garnet Amphiboiites

KY

4

SILL

-

AND

400

500

600

700

800

900

T °C
Figure 6: Thermobarometric results from gamet amphibolite samples CC-39, CC-42, and
CC-44 from Carlton Lake,

Reactions 1, 2, 3:

0.25NaCa2Fe4Al3Si6O22 (0H )2 + 0.33M g3Al2Si30i2 =
0.25NaCa2Mg4Al3Si6O22 (0H )2 + 0.33Fe3Al2Si3Oi2
Graham and Powell, 1984

Reactions 4, 5, 6:

6C aA l2Si20g + 3C a2F e5Sig022 (0H )2 = 2C a3A l2Si30i2 +
F e3 A l2 S i30i2 + 3C a2Fe4A l2Si?022 (0H )2 + 18Si02

Kohn and Spear, 1990
Reaction 7:

Muscovites s + Albitegs + Quartz =
Orthoclase + Aluminosilicate + Liquid

Thompson and Algor, 1977
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Figure 7: Thermobarometric results of this study (large ellipse) compared to those of House
( 1995) (small ellipse), who used the same geothermobarometers on gamet amphiboiites
near Carlton Lake.
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breakdown textures preserved in thin section, suggesting equilibration at or near the second

sillimanite isograd.

FURTHER DISCUSSION and CONCLUSION
Discussion o f M etam orphic & Anatectic Processes
Evidence presented above shows 1) partial melting of host rocks within the field
area produced anatectic migmatites; 2 ) the rocks achieved temperatures and pressures of
about 700°C and 6.5kbar, and 3) the muscovite breakdown reaction, in conjunction with
the granite^m elt reaction, was at least partly responsible for the generation of the melts.
These three facts serve to constrain the amount of water in the system. A reasonable
estimation of water content is necessary to answer the question: Can water derived by
muscovite breakdown alone account for the volumes of melts observed? If so, there is no
need to call upon an external water source, such as water released by dehydration reactions
below the current level of exposure, to explain the formation of the anatectic veins. If not,
then an external source (fluid-present) must have supplied some of the water for melting.
Another way of wording this question is: Did anatexis occur under fluid-present or fluidabsent conditions?
To answer the above question(s), an approximation of the amount of melt produced
by anatexis in situ is necessary. Concordant granitic veins with selvages of biotite qualify
as in situ anatectic melts. Field work did not involve precise determination of anatectic
melt volumes. However, I made visual estimates of the percentage of anatectic veins in
various outcrops. Generally, anatectic veins composed 5-10% of these outcrops; the
remainder consisted of host rock.
Clemens ( 1984) and Clemens and Vielzeuf ( 1987) determined the amount of melt
produced by muscovite breakdown for different compostions of pelite at various
temperatures. Clemens and Vielzuef ( 1987, Table 2) assumed that muscovite will begin to
break down at 665°C at 5kb under fluid-absent conditions. A typical pelite containing 10%
muscovite and 20% biotite before dehydration will contain 1.23 wt.% water, and produce
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6-14% melt at 5kb under fluid absent conditions (Clemens, 1984; Clemens and Vielzuef,
1987). These authors also calculated the amount of water, in weight percent, in granitic
melts generated by muscovite breakdown. Melts formed by dehydration of muscovite
under fluid-absent conditions contain 10.3-10.7 wt.% water at 5kb (Clemens, 1984;
Clemens and Vielzuef, 1987). Such melts will quickly intersect their solidus upon cooling
or decompression, thereby limiting their mobility within the crust.
The percentages of in situ anatectic migmatites observed in the field area are within
the range given by Clemens ( 1984), Clemens and Vielzuef ( 1987), and Spear and others,
( 1998) for breakdown of muscovite. Field relations indicate the melts did not move far
from their source, consistent for melts with high water contents. Pétrographie analysis of
peltic schist in the kyanite zone shows micas comprise about 30% of the rock, the same
amount as in the sample used by Clemens and Vielzuef ( 1987). Although the ratio of
muscovite to biotite in the two samples is reversed, this will not greatly increase the total
water content of the kyanite zone pelitic schist. These empirical relationships support the
contention that muscovite dehydration alone supplied enough water to produce the anatectic
migmatites found in the quartzofeldspathic gneiss.
It is universally thought that high-grade metamorphic rocks possess limited pore
space and therefore contain only trace quantities of free water. Upon melting this water
will immediately dissolve into the melt, reducing the activity of water. The common
occurrence (Vielzuef and Holloway, 1988; Stephens and Clemens, 1993; Brown and
others, 1995a) of migmatites in pelites above the “second sillimanite isograd” shows that
muscovite breakdown reactions have occurred in these rocks. This implies that the activity
of water was too low to allow for dehydration of muscovite prior to melting. Water was
either absent, the general consensus, or the fluid phase was dominated by C 02 or CHq
(c.f. Stephens and Clemens, 1993).
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D iscussion o f Fluid M igration
The model presented above calls upon migration of water from the pelitic schist
upwards into the quartzofeldspathic gneiss to inititate melting. The following discussion
focuses on the plausibility and mechanisms of such a model. Near the earth’s surface,
fluids are under hydrostatic pressure (Pnmd=i/3Prock) because the density of water is about
one-third that of rock (Thompson, 1992). This assumes the rocks are brittle and fluidfilled fractures are connected to the surface. The transition to lithostatic pressure
(Pnuid^Prock)

under water-saturated conditions occurs over 2-3 km at depths of 6-10 km,

depending upon the competency of the rock (Connolly and Thompson, 1989). However,
water-undersaturated conditions probably prevailed during anatexis of the
quartzofeldspathic gneiss (See previous section). Nonetheless, because porosity can only
be maintained in plastically deforming rocks if pore spaces are filled with fluids under
lithostatic pressure (Thompson and Connolly, 1989), it is likely that fluids within the
gneiss were under lithostatic pressure during melting. Thermobarometric results (see
above) show the rocks in the study area were metamorphosed at pressures of «6.5kb,
which equates to approximately 18-21km depth. These depths are well below the transition
from hydrostatic to lithostatic pressure. Thus it is likely that water released from the pelitic
schist by muscovite breakdown was under lithostatic pressures. This is important, as
fluids under lithostatic pressure gradients are mechanically unstable and will invariably tend
to migrate upwards (Connolly and Thompson, 1989).
Water released by the schist may have migrated into the gneiss in one of three ways:
1) Through widely-spaced major conduits (Walther and Orville, 1982; Walther and Wood.
1984; Yardley, 1986); 2) By fractures either through or along grain boundaries (Walther
and Orville, 1982; Walther and Wood, 1984; Watson and Brenan, 1987), and 3)
Penetration of grain edges by chemical dissolution and reprecipitation (Walther and Wood,
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1984; Watson and Brenan, 1987). The first method is unlikely for two reasons. Firstly,
as metamorphic grade increases, fluid flow is less channelized, even at shallow depths
(Ferry, 1987). Secondly, Walther and Orville (1982) and Ferry (1987) note that volatile
escape along major conduits does not allow for the '‘saturation” of the rock body, in this
case the quartzofeldspathic gneiss, by the escaping fluid, but that fluid-rock interaction is
confined to the walls of the conduits. Field relations show melting occurred at random
localities that lack evidence for channelized fluid flow. Thus it is unlikely that fluids rose
through widely spaced major conduits.
Migration of fluids into the gneiss by the second and third methods is more
probable, for they allow rocks above the site of volatile generation to come in contact, i.e.,
be “saturated”, with the rising volatiles (Walther and Orville, 1982; Watson and Brenan,
1987; Ferry, 1987). Although it is unlikely that all grain boundaries were coated
simultaneously by the volatile phase (i.e., saturated), certainly whatever porosity existed at
the time within the gneiss was filled with fluids, because porosity can only be maintained in
rocks that behave plastically if the pore spaces are filled with fluid under lithostatic pressue
(Connolly and Thompson, 1989). Field relations reveal the anatectic migmatites are
randomly scattered throughout the field area. This is reasonable if fluids migrated along
grain boundaries or fractures, for wherever suitable quantities of water and proper ratios of
“granite minimum” components existed, melting could occur.
Im plications for batholith generation
The enormous volume, strongly felsic character, and high strontium isotopic ratios
of the Bitterroot batholith suggests it was generated by anatexis within the continental crust
(Shuster and Bickford, 1985). Therefore it is probable that processes similar to those
recorded in rocks of the study area occurred at depth and led to the formation of the
Bitterroot batholith. Brown ( 1994) notes that the number of occurrences of small-scale
melting that can be tied directly to plutonic granites is low, presumably because large
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volumes of melt commonly originate in the lower crust and rise to be emplaced within the
upper crust. Experiments have shown that breakdown of biotite at temperatures of 825900°C (LeBreton and Thompson, 1988; Vielzuef and Holloway, 1988; Patino-Douce and
Johnston, 1991) leads to large volumes of partial melts. These melts, having been
generated at deeper levels, are generally undersaturated in water (Clemens, 1984; Clemens
and Vielzuef, 1987; LeBreton and Thompson, 1988) and may rise to high levels in the
crust.
However, Hyndman (1981) inferred that the Bitterroot batholith was probably
emplaced only a few (5-7) kilometers above its locus of generation. In addition, Hyndman
and others ( 1988) suggested that host rocks containing anatectic migmatites were dragged
up with the batholith during its ascent. Thus rocks containing anatectic migmatites may
provide insights into the processes that led to the formation of the batholith, for migmatites
are, in essence, melts frozen in the plumbing system denoting the route(s) of melt
segregation (Brown and others, 1995b)
C o n clu sio n
During Late Cretaceous time, rocks correlative with the Prichard Formation and
Ravalli Group of the Belt Supergroup were regionally metamorphosed to upper amphibolite
facies, producing sillimanite-muscovite and, locally, sillimanite-orthoclase assemblages
within rocks of the study area. Thermobarometric results show the rocks achieved
temperatures and pressures of «700°C and «6.5kbar. Breakdown of muscovite above the
“second sillimanite isograd” within the underlying, and less competent, pelitic schist
released water that rose into the overlying, and more competent, quartzofeldspathic gneiss.
Local zones of saturation or near-saturation depressed the solidus of the gneiss, initiating
melting. Melting produced concordant lenses and stringers of granite rimmed by selvages
of biotite and having compositions close to the “granite minimum.” That the water
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necessary for melting came from the schist and not the gneiss itself is shown by the paucity

of micas in the schist and the lack of sillimanite within the gneiss.
The pelitic schist did not produce much melt because 1) its bulk composition is less
“granitic” than that of the quartzofeldspathic gneiss, and 2 ) it contains abundant refractory
elements(AI2Q3, FeO, MgO) bound up in micas (Patino-Douce and Johnston, 1991 ).
Water originating in the schist probably migrated along grain boundaries, through minute
fractures, and within shear zones or other zones of deformation within the schist.
Fractures or zones of weakness within the more competent gneiss allowed ingress of water
to initiate melting of the gneiss. Waters initiating melting were then immediately dissolved
into the melts, thus limiting their rise and escape.
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Appendix A: SEM/EDS Data

Hornblende Hornblende Hornblende Hornblende Plagioclase Plagioclase Plagioclase
CC-44
CC-42
CC-42
CC-42
CC-42
CC-44
CC-39

Mineral
Sample

Garnet
CC-39

Garnet
CC-42

Garnet
CC-44

Wt. % Oxide
Si02
AI203
FeO
MgO
MnO
CaO
Na20
K20
Ti02

37.98
21.03
30.04
2.92
0.41
8.51
0.00
0.00
0.04

37.73
20.86
23.87
2.83
3.36
10.85
0.00
0.00
0.12

37.32
20.73
28.31
1.73
0.89
11.47
0.00
0.00
0.09

43.53
14.62
18.75
7.61
0.08
11.37
1.27
0.60
0.63

44.49
11.7
18.18
9.10
0.38
11.31
1.07
0.62
0.51

44.75
11.24
17.92
9,41
0,45
11.42
0,95
0,62
0.42

41.05
13.35
20.67
6.33
0.11
11.47
1.26
0,92
1.05

53.94
28.57
0,10
0,00
0,00
11.74
5.16
0,07
0.01

53.77
28.7
0.03
0.00
0.00
12.07
5.10
0.10
0.01

49.65
31,49
0,12
0.00
0.00
15,3
2.97
0.02
0,00

Total

100.92

99.62

99.78

98.47

97.37

97.17

96.22

99.59

99.78

1 99.54

0=12
2.99
1.95
1.98
0.343
0.027
0.719
0.00
0.00
0.002

0=12
2.99
1.95
1.58
0.335
0.226
0.923
0.00
0.00
0.007

0=12
2.98
1.96
1.89
0.206
0.06
0.916
0.00
0.00
0.005

0=23
6.47
2.56
2.33
1.69
0.01
1,81
0.366
0.114
0.07

0=23
6.68
2.07
2.28
2.04
0.048
1.82
0,312
0.119
0.058

0=23
6.73
1.99
2.25
2.11
0.057
1.84
0.277
0.119
0,048

0=23
6.37
2,44
2,68
1.46
0.014
1,91
0.379
0,182
0.123

0=8
2.45
1.53
0.003
0.00
0.00
0.571
0.454
0.004
0.00

0=8
2.44
1.54
Q.001
0.00
0.00
0.587
0.449
0.006
0.00

!0=8
!
2.28
1.70
0.005
0.00
i
0,00
i 0,752
i 0.264
0.001
0.00

Formula
Si
AI
Fe
Mg
Mn
Ca
Na
K
Ti

n

Sample
Minerai
Unit

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

KC-26
PI
QFG

Wt. % Oxide
Si02
62.89
AI2G3
23.00
FeO
0.04
MgO
0.02
MnO
0.00
CaO
4.25
Na20
9.09
K20
0.30
Ti20
0.00
Total
99.58

63.00
22.51
0.07
0.00
0.00
3.83
9.12
0.41
0.01
98.96

62.12
22.84
0.07
0.00
0.02
4.32
8.95
0.42
0.00
98.75

62.92
22.23
0.06
0.00
0.04
3.62
9.23
0.47
0.00
98.571

62.78
22.8
0.01
0.00
0.00
4.23
9.02
0.34
0.00
99.19

63.53
22.32
0.01
0.00
0.03
3.85
9.24
0.42
0.00
99.40

62.12
23.48
0.05
0.00
0.00
4.74
8.7
0.35
0.00
99.44

36.27
22.53
0.06
0.00
0.00
3.86
9.33
0.37
0.00
99.42

62.07
23.4
0.03
0.00
0.00
4.72
8.78
0.39
0.01
99.4

63.26
22.85
0.05
0.00
0.00
4.08
9.26
0.38
0.00
99.89

62.93
23.07
0.03
0.00
0.02
4.21
8.94
0.39
0.01
99.61

62.57
23.04
0.00
0.00
0.02
4.2
8.95
0.44
0.00
99.22

63.2
22.45
0.03
0.01
0.00
3.68
9.27
0.46
0.02
99.13

30

27

30

30

27

33

27

33

29

30

30

26

BC-3
PI
QFG

BC-3
PI
QFG

BC-3
PI
QFG
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PI
QFG
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PI
QFG
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PI
QFG
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PI
QFG

BC-3
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PI
QFG
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PI
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KC-66
PI
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60.82
24.23
0.00
0.00
0.02
5.84
8.05
0.48
0.00
99.44

61.19
24.16
0.00
0.00
0.00
5.75
8.3
0.41
0.00
99.82

60.13
23.74
0.01
0.00
0.03
5.67
8.65
0.83
0.03
99.1

60.2
24.61
0.03
0.01
0.00
6.4
7.87
0.35
0.00
99.46

60.94
24.18
0.00
0.02
0.02
5.84
7.97
0.47
0.00
99.43

60.49
24.28
0.02
0.01
0.00
5.99
8.02
0.37
0.00
99.18

60.82
24,04
0.04
0.01
0.00
5.75
7.95
0.4
0.00
99.02

61.88
23.7
0.02
0.00
0.00
5.19
8.54
0.4
0.00
99.74

62.39
23.39
0.09
0.00
0.01
4.94
8.56
0.47
0.00
99.84

62.03
23.62
0.07
0.00
0.02
5.00
8.60
0.31
0.01
99.67

61.71
23.69
0.08
0.00
0.01
5.22
8.49
0.47
0.01
99.69

62.37
23.11
0.10
0.00
0.02
4.86
8.85
0.38
0.01
99.71

39

38

36

42

40

40

40

35

34

35

35

34

An Content
Sample
Mineral
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Wt.% Oxide
SI02
61.26
AI203
24.22
0.02
FeO
0.00
MgO
0.00
MnO
5.72
CaO
Na20
8.16
0.36
K20
0.02
Ti02
[799.77
Total
An Content

39

26 ^

3
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Mineral
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BC-11
PI
QFG

BC-11
PI
QFG

BC-11
PI
QFG
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PI
QFG

BC-11
PI
QFG
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PI
QFG
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PI
QFG
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QFG

KC-59
PI
QFG
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QFG

KC-59
Pi
QFG

Wt.% Oxide
SI02
AI203
FeO
MgO
MnO
CaO
Na20
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Ti02
Total

62.77
23.02
0.02
0.01
0.00
4.58
9.07
0.4
0.00
99.87

61.96
23.54
0.05
0.00
0.00
4.92
8.62
0.40
0.01
99.51

62.29
23.51
0.02
0.00
0.00
4.85
8.49
0.38
0.01
99.56

62.79
23.3
0.07
0.01
0.00
4.57
8.88
0.52
0.01
100.2

61.71
23.75
0.07
0.01
0.03
5.16
8.48
0.38
0.00
99.6

62.5
23.36
0.04
0.00
0.00
4.69
8.82
0.28
0.00
99.69

62.33
23.69
0.03
0.00
0.00
4.67
8.81
0.40
0.00
99.92

62.08
23.47
0.06
0.00
0.01
4.96
8.63
0.34
0.00
99.56

63.02
22.15
0.14
0.00
0.03
3.96
9.28
0.36
0.00
98.95

64.36
22.45
0.11
0.01
0.00
3.51
9.49
0.47
0.00
100.4

63.95
22.17
0.11
0.00
0.00
3.58
9.53
0.48
0.00
99.81

An Content

31

34

34

31

35

33

33

35

28

25

25

CC-15
PI
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CC-15
PI
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CC-15
PI
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CC-15
PI
PSKZ

BC-18
PI
PSSZ

BC-18
PI
PS SZ

64.01
21.94
0.03
0.00
0.00
3.20
9.43
0.39
0.01
99.01

63.87
21,96
0.04
0.00
0.00
3.22
9,65
0.42
0.01
99.18

63.8
22.02
0.05
0.00
0.00
3.23
9.48
0.45
0.00
99.03

61.15
23.75
0.01
0.00
0.02
5.40
8.42
0.37
0.01
99.13

58.33
22.81
0.03
0.01
0.00
4.79
8.48
0.24
0.00
94.68

24

23

24

37

35

Sample
Mineral
Unit

Wt.% Oxide
Si02
63.99
AI203
22.03
0.00
FeO
0.00
MgO
0.00
MnO
CaO
3.25
Na20
9.53
K20
0.37
Ti02
L 0.00
Total
99.17

i

1

An Content

1

24

y
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Appendix B: Use o f Geotherm obarom eters
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Thermobarometry utilizes the changes in mineral composition as a function of
temperature and pressure to quantitatively determine the conditions under which a sample
equilibrated. The equilibrium constant of a particular reaction is dependent upon pressure
and temperature by thermodynamic properties (AH, AS, AV, ACp) of the reactants and
products. Geothermometers are reactions, such as Fe-Mg exchange between garnet and
hornblende, that are sensitive to temperature changes (large AH, AS) but are relatively
insensitive to changes in pressure (small AV). Geobarometers are reactions sensitive to
changes in pressure (large AV), but are relatively insensitive to changes in temperature
(small AH, AS), such as anorthite + tremolite = grossular + pyrope + tschermakite +
quartz.
The slope of a univariant reaction can be calculated using the Clapeyron Equation
ÔP/ÔT = AH(T,P,X)/TAV(T,P,X) starting at an experimentally determined point in
pressure-temperature space. The line representing the univariant reaction is a line of
constant equilibrium constant, and it is inferred that the sample must have equilibrated
along that line. The intersection of two different univariant lines in P-T space defines the
pressure and temperature of equilibration.
If applied properly, thermobarometry can provide detailed information about the P
T conditions of metamorphism. However, it is not without problems. Several sources of
error must be considered in thermobarometry calculations. Uncertainties involve the
accuracy of the experimental calibration of the thermometer or barometer. Analytical
uncertainties are associated with measurement of mineral compositions by an electron
microprobe, as well as uncertainties related to standard compositions and correction
factors. Additionally, there are uncertainties related to the thermodynamic properties of
minerals. All of these uncertainties can be addressed statistically. Other uncertainties
unable to be addressed statistically include choice of activity models and sample
heterogeneity. However, these are believed to be non-Gaussian (Spear. 1993. p. 538-
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539), so they can be added to the statistical uncertainties. Spear ( 1993, p. 537-545)
discusses the extent of the various kinds of uncertainties associated thermobarometric
calculations.
Thermobarometric analysis enables the geologist to calculate a unique pressure and
temperature of equilibration for a particular sample. Although the uncertainties involved
with these analyses are significant, when combined with supplementary geologic evidence
thermobarometry is a powerful tool for helping to determine the metamorphic history of a
sample.
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Appendix C: Generation of Granite Ternary Diagram
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Experimental granite petrologists have commonly portrayed granite compositions
on the quartz-orthoclase-albite ternary diagram (c.f. Tuttle and Bowen, 1958; Luth and
others, 1964; Luth, 1976). However, common granitic rocks contain variable amounts of
calcium in plagioclase. Addition of calcium serves to raise the minimum melt temperature
of granitic melts produced by anatexis (Winkler, 1974, p.284; Luth, 1976) (Figure 8 ).
Additionally, experimental petrologists have examined the effects of water pressure on the
minimum melt temperature of the Qtz-Or-Ab system. The minimum melt temperature
decreases with increasing water pressure (Luth and others, 1964; Luth, 1976; Whitney,
1988) (Figure 9). These two effects will cancel each other out such that the minimum melt
temperature of a system containing calcium (An25-30) under conditions of « 6kbar water
pressure is likely approximately the same as that of the simple Qtz-Or-Ab system under
Ikbar pressure.
Granitic melts produced by anatexis in the study area contain calcium (An25-30)
and likely crystallized under «6 kbar water pressure. Therefore, 1 combined the effects of
An content and water pressure on the minimum melt temperature displayed in figures 8 and
9 to create figure 4. I then plotted the compositions of the anatectic veins and their
immediately adjacent host rocks onto figure 4. Because of their very coarse grain size, vein
compositions were estimated visually from stained thin sections. Compositions of their
host rocks were determined by point counts. Only half of each thin section was stained for
orthoclase, so 500 points were counted per half slide.
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Figure 8: Effects of increasing An content on composition of minimum temperature melt in
Qtz-Or-Ab system. From Hyndman, 1985, Figure 7-39b, p. 310.

kban
feldspar
2 kbars

Figure 9: Effects of increasing water pressure on composition of minimum temperature
melt in Qtz-Or-Ab system. From Hyndman, 1985, Figure 7-39a, p. 310.
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